Introduction
Osteoarthritis (OA) is a common disorder characterized by loss of articular cartilage as a result of degenerative changes in the joint. Interleukin-1β (IL-1β) is the main cytokine involved in OA progression leading to an increase in MMP release by chondrocytes and a decrease in synthesis of extracellular matrix component such as proteoglycans or type II collagen [1] . In response to IL-1β, chondrocytes actively produce reactive oxygen species (ROS) which could play a central role in this matrix homeostasis breakdown [2] [3] [4] .
The NADPH oxidase enzymes constitute a large enzyme family which function is solely dedicated to the production of cellular ROS. Nox4 is one of the 7 ROS generating Nox members expressed in human [5] . Our recent work showed that Nox4 represents the major source of ROS production in human primary chondrocytes [4, 6] and in the C-20/A4 human chondrocyte cell line [3] . In this cell line, Nox4-derived ROS regulate collagenase 1 (MMP-1) expression and chondrocyte death consecutive to IL-1β stimulation [3, 4] . In this context, an induction of heme oxygenase-1 (HO-1) expression was shown to prevent MMP1 expression and chondrocyte DNA fragmentation by down regulating Nox4 activity [4] . Therefore, the balance between Nox4 and HO-1 activities in chondrocyte may contribute to cartilage homeostasis.
OA represents a major socio-economic burden in developed countries and available treatments are largely palliative or display weak benefits on the progression of the pathology [7, 8] . Glucosamine sulphate (G S ), a basic structural element that composes cartilage proteoglycans is a dietary supplement approved as a symptomatic slow-acting drug for osteoarthritis (SYSADOA). This compound showed significant anti-inflammatory and anti-catabolic effects on chondrocyte, in vitro [9] . The anabolic effects of G S were primarily thought to be attributable to its capacity to provide building blocks for the synthesis of glycosaminoglycans (GAGs) by chondrocytes but various additional G S properties were also demonstrated. In vitro, G S has been shown to inhibit expression and/or activity of proteolytic enzymes such as metalloproteinase [10] or aggrecanase [11] and to reverse the effects of Il-1b on the Nuclear Factor Kappa B (NFkB) were pre-incubated 96 h with 100 or 500 µg/ml of glucosamine sulphate (G S ) or of the therapeutic association (G S CG) composed by glucosamine sulphate 93.75% (w/w) Ginger roots extract 5.26% (w/w) copper sulphate 0.1% (w/w). Cells were also pre-incubated with 5.26 µg/ml, 26.3 µg/ml or 52.6 µg/ml Ginger roots extract (GR) or 0.105 µg/ml, 0.52 µg/ml or 1.04 µg/ml copper sulphate (Cu). For GR and Cu, the concentrations used correspond respectively to the amount contained in 100 µg/ml, 500 µg/ml or 1,000 µg/ml of therapeutic association. After the 96 h of pre-incubation, tetracycline-induced HEK293 Nox4 T-REx™ cells were used for NADPH oxidase activity assessment by chemiluminescence. For the C-20/A4 chondrocytes experiments, after the 96 h of pre-incubation, the cells were incubated in serum free DMEM in presence of the experimental doses of G S , G S CG, GR or Cu and stimulated or not with 2 ng/ml IL-1β during 24 h for MMP1 and ADAMTS5 assessment or 96 h for HO-1 expression and active caspase 3 assay.
Measurement of NADPH oxidase activity in intact cells by luminescence assay
ROS production was measured as described by Grange, et al. [3] . Briefly, cells were detached with trypsin, washed twice with PBS and collected by centrifugation (400 g, 8 min, room temperature). The viability of the suspended cells was over 90%, as determined by the trypan blue exclusion method. In a 96-well plate, 5 × 10 5 living cells suspended in 50 µl were added per well. Before the start of the assay, 200 µl of a PBS solution containing 20 µM luminol, and 10 units/ml of horseradish peroxidase was added in each well. Relative luminescence unit (RLU) counts were recorded every 30 s for a total of 45 min at 37°C using a Luminoscan ® luminometer (Labsystems, Helsinki, Finland).
Cells extract preparation for intracellular protein immunodetection
Cells were treated with 3 mM DFP and lysed in Triton X-100 lysis buffer containing 20 mM Tris-HCl pH7.4, 1% (v/v) Triton X-100, 150 mM NaCl, 1 mM EDTA, 2 µg/ml leupeptin, 2 µg/ml pepstatin, 10 µg/ ml trypsin inhibitor, 44 µg/ml PMSF, 10 µM TLCK and complete mini EDTA-free protease inhibitor. After 10 min incubation on ice, the mixture was centrifuged at 1,000 g for 10 min at 4°C. The supernatant was then used for SDS-PAGE and Western blot detection of active caspase-3, HO-1 or Actin.
Secreted protein detection
After incubation under the conditions described above in experimental conditions section, the culture medium was removed, 10 times concentrated with centricon 3 kDa (Merck Millipore, Billerica, USA) then secretion of pro-MMP1 or ADAMTS5 by chondrocytes was assessed by Western blot.
SDS/PAGE and western blotting
Triton X-100 cell extract or centricon 10X concentrated cell culture supernatant was denatured at 60°C for 30 min and loaded on a 10% or 12.5% (p/v) SDS-PAGE for migration and then electrotransfer to nitrocellulose. Immunodetection was performed using primary mAb against pro-MMP1 (1:500), pro-MMP13 (1:1,000) or polyclonal rabbit antibody against the metallopeptidase ADAMTS5 (1:1,000) or active caspase 3 (1:1,000) or goat antibody directed against HO-1 (dilution 1:500) or actin (1:500). Secondary antibody was conjugated to peroxidase (1:5,000). Peroxidase activity was detected using ECL reagents (GE Healthcare). After revelation, densitometry of the bands corresponding to proteins of interest was assessed with the Scion Image software.
Cell survival assay
After the 96 h pre-incubation with therapeutic compounds, C-20/ A4 chondrocytes were incubated for 7 days in DMEM without foetal bovine serum, with or without 2 ng/ml IL-1β and G S , G S CG, GR and Cu at the experimental amount. Medium and floating cells were then removed and replaced with complete DMEM (supplemented with activation, relaying pro-inflammatory and pro-catabolic processes in articular chondrocytes. However, impact of G S on structural features of OA is still difficult to evidence. This lack of clear proofs is illustrated by discrepancies in G S recommendations by the main OA management institutions. Indeed, Osteoarthritis Research Society International (OARSI) and European League Against Rheumatisms (EULAR) have recommended the use of G S for hip and knee OA management while American College of Rheumatology (ACR) and National Institute for Health and Clinical Excellence (NICE) estimate this recommendation too premature [9] .
Beside G S , some other natural compounds less well-known may also display an anti-arthritic activity. For example, ginger root extract (GR) was shown to decrease pro-inflammatory mediators like Prostaglandin E2 and Nitric oxide (NO) production in arthritic and normal human cartilage slides [12] . Also, copper sulphate promotes collagen synthesis by human articular chondrocytes in vitro [13] . In order to optimize Glucosamine sulphate (G S ) efficacy, a new therapeutic association (G S CG) of G S (78.9%), copper sulphate (0.105%) and ginger root extract (5.26%) was developed [Cuivramine ® , Laboratoire Labhra, Lyon, France] and tested on C-20/ A4 chondrocytes and HEK293 T-REx™, a commonly used cell line to study basic feature of Nox4 activity [14, 15] . Therefore, the aim of the study was to compare in vitro the potential additional effects of the association of Glucosamine-Copper-Ginger versus Glucosamine alone on the level of ROS production, the MMP expression and chondrocyte apoptosis upon IL-1β stimulation.
Methods

Material
Human C-20/A4 chondrocyte cell line immortalized by SV40 is a generous gift from Dr M.B. Goldring (Harvard Institute of Medicine, Boston, MA, USA). HEK293 Nox4 T-REx™ cells were kindly provided by PATIM laboratory, (Pr KH. Krause, Geneva University, Switzerland). Dulbecco's modified Eagle's medium (DMEM), fetal bovine serum (FBS) and geneticin (G418) were purchased from life technologies (Saint Aubin, France); blasticidin was from Funakoshi Co (Tokyo, Japan); ECL Western Blotting detection reagents and second antibodies-HRP were purchased from GE healthcare (Buckingamshire, England); complete mini EDTA-free protease inhibitor EASYpack, Na 4 P 2 O 7 , Na 3 VO 4 , Phenylmethylsulfonile fluoride (PMSF), luminol, Horseradish Peroxidase (HRPO), Triton X-100, protoporphyrin-IX cobalt chloride (CoPP-IX) were purchased from SIGMA (Saint Quentin Fallavier, France); leupeptin, pepstatin, trypsin inhibitor, Tosyl-lysine-chloromethyl-ketone (TLCK) and human interleukin-1β were purchased from Roche (Meylan, France); Diisopropylfluoro-phosphate (DFP) was purchased from Acros Organics (Halluin, France); goat antibodies directed against HO-1 and actin were purchased from Santa Cruz Biotechnologies (Heidelberg, Germany); Pro-MMP1 monoclonal antibody was obtained from R&D Systems (Lille, France); rabbit polyclonal antibodies directed against the metallopeptidase with trombospondin motifs 5 (ADAMTS5) (RP1-ADAMTS5) and active caspase 3 were respectively from Biovalley (Illkirch, France) and Abcam (Paris, France).
Cell culture
All cells were cultured in DMEM containing 4.5 g/L glucose and 0.11 g/L sodium pyruvate, supplemented with 10% (v/v) fetal bovine serum, 100 units/ml penicillin, 100 mg/ml streptomycin and 2 mM glutamine at 37°C in atmosphere containing 5% CO 2 [16] . Selecting antibiotics, blasticidin (5 µg/ml) and geneticine (400 µg/ ml) were used for HEK293 Nox4 T-REx™ cells. Expression of Nox4 by HEK293 Nox4 T-REx™ cells were induced by the addition of 1 µg/ml tetracycline in the culture media [14] . All experiments were performed within cell passages 3 to 10 at 60-90% confluence.
Experimental conditions
For experiments, C-20/A4 chondrocytes and HEK293 T-REx™ 10% foetal bovine serum) allowing alive cell to growth for 7 additional days. Finally chondrocytes are detached with trypsin and living cells were counted by trypan blue assay.
Statistical data
Data are presented as means +/-S.D., significance levels were assessed using one-way analysis of variance (ANOVA) followed by appropriate post hoc analysis. A p-value of 0.05 or less between groups was considered to indicate a statistically significant difference.
Results
Differential impact of the therapeutic association and glucosamine sulphate on NADPH oxidase activity in HEK293 T-REx TM cells
The antioxidant effects glucosamine sulphate (G S ) and a therapeutic association (G S CG) were investigated on HEK293 T-REx™ cells, a reproducible and reliable cell line model to study Nox4. In this cell line Nox4 expression can be induced upon the addition of tetracycline leading to a 20 fold increase in the ROS production ( Figure 1 ) [14] . When 100 µg/ml or of G S CG or 500 µg/ml of G S were extemporaneously added to the cells right before the ROS production measurement, no significant impact on Nox4 activity was noticeable showing that G S and G S CG do not have a direct antioxidant properties ( Figure 1A ). However, Nox4 activity decreased significantly about 30% after 96 h pre-incubation with 500 µg/ml G S CG but not with G S ( Figure 1B ). To investigate which compound composing the G S CG was responsible for this effect, T-REx TM cells were pre-incubated for 96 h with 5.26, 26.3 or 52.6 µg/ml of ginger root (GR); or with 0.105, 0.525 or 1.05 µg/ml of copper sulphate (Cu) (the equivalent amount contained in 100, 500 or 1,000 µg/ml G S CG) ( Figure 1C ). Results showed a dose dependant decrease of Nox4 activity in the presence of GR and Cu for the slighter doses. Interestingly, this inhibition was not significant after 48 h, suggesting that the time necessary for the GRand Cu-induced inhibition of Nox4 activity required more than 48h to be effective (Supplementary Figure 1) . Together, our data indicate that the inhibition of Nox4 activity by G S CG is triggered by GR and Cu rather than by G S .
Impact of the therapeutic association and glucosamine sulphate on IL-1β stimulated pro-MMP1 and ADAMTS5 secretion
We have previously reported that while the pro-MMP1 secretion is regulated by Nox4 activity, the regulation of ADAMTS5 secretion is not redox dependent in C-20/A4 chondrocytes [3, 4] . To assess the impact of G S CG and G S on the secretion pattern of these proteases, C-20/A4 chondrocytes were pre-incubated with 100 or 500 µg/ml of G S CG or of G S respectively for 96 h in complete DMEM medium (see section experimental conditions). Medium was then replaced by serum free DMEM and cells were stimulated (24 h) or not with 2 ng/ml IL-1β in presence or not of G S CG or of G S . Results showed an important increase in both pro-MMP1 and ADAMTS5 secretion in the cell culture medium after chondrocyte stimulation by IL-1β ( Figure 2A and Figure 2B ). Interestingly, under these conditions, G S CG at 500 µg/ml was able to reduce significantly IL-1β-induced pro-MMP1 secretion (50%) while GS had not any significant effects (Figure 2A ). On the other hand, both G S and G S CG neutralized IL-1β induced ADAMTS5 secretion ( Figure 2B ). Based on these data, we can assume that impact of G S CG on MMP1 depends on Cu and/or GR while effects on ADAMTS5 are dependent on G S .
In order to evaluate whether GR and/or Cu mediates the effects observed for G S CG, similar experiments were performed with a 96 h pre-incubation with only 5.26 mg/ml or 26.3 mg/ml ginger root (GR); or 0.105 mg/ml or 0.52 mg/ml copper sulphate (Cu) in complete medium (the equivalent amount contained in 100, 500 or 1,000 µg/ml G S CG). We observed that both GR and Cu were able to decrease IL-1β-stimulated pro-MMP1 secretion ( Figure 3A ) in a dose dependent manner reaching ~40% decreases with the highest dose of GR and Cu studied. These results confirm that the inhibition of G S CG on pro- MMP1 secretion comes from GR and Cu compounds. In contrast, we do not observed significant decrease in ADAMTS5 secretion with both compounds suggesting that G S alone can mediate the inhibition of G S CG on IL-1β-induced ADAMTS5 secretion ( Figure 3B ).
Effect of the therapeutic association and its components on C-20/A4 chondrocytes viability and apoptosis
IL-1β-induced chondrocyte death is a leading cause of osteoarthritis [17] . Nox4 plays a key role in this phenomenon in the C-20/A4 cell line [4] . We therefore next assessed the impact of G S CG and its components on chondrocytes survival and apoptosis in presence of IL-1β (Figure 4) . Our results showed a dramatic decrease in chondrocyte survival in presence of IL-1β ( Figure 4A ). Interestingly, survival was improved in a dose dependant fashion with G S CG and G S treatments but not by GR nor by Cu. To confirm these data, we evaluated the caspase 3 activation by Western blot ( Figure 4B ). IL-1β-induced caspase 3 activation was significantly prevented by G S CG and G S at 500 µg/ml. In contrast effects of GR and Cu were not statistically significant compared to IL-1β-stimulated cells. Together, these data show that G S CG is able to prevent IL-1β induced chondrocyte death via G S . GR and Cu do not play a similar role despite the fact that they can reduce Nox4-derived ROS generation.
Impact of the therapeutic association and glucosamine sulphate on HO-1 induction
The right balance between NOX4 and Heme Oxygenase-1 activities may contribute to cartilage extracellular matrix homeostasis [4] . Since HO-1 has been shown to be upregulated in chondrocytes upon G S treatment [18] , we assessed the impact of G S CG and its components on HO-1 expression in the C-20/A4 cell line. Chondrocytes were cultured 96 h in presence of the compounds and submitted to a Triton X-100 extraction protocol for Western Blotting. As positive control, HO-1 expression was induced by cobalt protoporphyrin-IX (CoPP-IX) in the C-20/A4 cell line ( Figure 5  lower panel) . We observed an increase of HO-1 expression in C-20/ A4 chondrocytes in a dose dependent manner with a G S or with a G S CG treatment (x3.5 with 500 µg/ml). The effect is approximately two times stronger with G S CG suggesting that this increase may be the sum of the effects of G S and Cu given the fact that each one of these compounds led approximately to a 2 fold increase of HO-1 expression. In contrast, there was no upregulation of HO-1 protein when the C-20/A4 cells were treated with GR.
Discussion and Conclusion
Various anti-inflammatory properties have been demonstrated for glucosamine in the three main tissues involved in OA: cartilage, synovial membrane and subchondral bone [9, 19] . Particularly glucosamine was able to reverse the pro-catabolic and proinflammatory effects of IL-1β in articular chondrocytes [10] . IL-1β activates the production of reactive oxygen species (ROS) and secretion of MMPs as well as chondrocyte apoptosis. Those events lead to matrix breakdown and are key features of osteoarthritis (OA). In human C-20/A4 chondrocytes the NADPH oxidase Nox4 is the main source of ROS production upon IL-1β stimulation [3] . Since heme molecules are essential for the NADPH oxidase maturation and activity, induction of HO-1 expression decreased dramatically Nox4 activity in C-20/A4 and HEK293 T-REx™ Nox4 cell lines. In this context, HO-1 led to a significant decrease of the expression of the MMP1, DNA fragmentation and cell death [4] .
This study compared properties of glucosamine to that of copper sulphate (Cu) or of Ginger roots (GR) extract and showed that these compounds induced different effects on protein expression or activation when tested alone or in combination (G S CG). A summarized table 1, the increased expression of ADAMTS5 and MMP1 observed upon IL-1β activation was reversed in the presence of G S as well as of G S CG. Interestingly, copper sulphate and Ginger roots extract have a significant effect on MMP1 expression which explain a superior impact of G S CG compared to G S . In contrast, copper sulphate and Ginger roots extract have no effect on the expression of ADAMTS5; this implies that the negative impact of G S CG on ADAMTS5 expression after IL-1β activation results only on G S properties. While ADAMTS5 expression is not linked to an oxidative stress [20] , one possible mechanism driving MMP1 expression could be dependent on redox sensitive AP-1 elements present in its promoter [21] . Thus, H 2 O 2 dependent modification of AP-1 DNA binding activity may have profound effects on the extracellular matrix of cartilage by up-regulating metalloproteinases and reducing synthesis of the tissue-specific components [21, 22] . In this context, restoring redox homeostasis in joint might be of crucial interest to prevent cartilage degradation in articular diseases. While neither G s CG nor its components displayed direct antioxidant effects in our hands, copper sulphate and Ginger roots extract required at least 48 hours' time delay to significantly down regulate NOX4 activity. Similar observation has been reported in the literature where phenolic extract from GR inhibited lipopolysaccharide (LPS)-stimulated nitric oxide (NO), prostaglandin E2 (PGE2) and ROS production in murine macrophage cells RAW 264.7 [23] . These anti-inflammatory effects of GR were associated with its strong inhibition of NF-κB nuclear translocation in LPS-stimulated RAW 264.7 cells. The mechanism whereby Cu decreases the quantity of Chondrocytes were pre-incubated with 100 or 500 μg/ml G S or the equivalent amount of GR and Cu contained in G S CG for 96 h in complete DMEM medium. A) Cells were then treated for 7 days with 2 ng/ml IL-1β in presence of GS, GR, Cu or G S CG in serum free DMEM. Medium was then replaced by fresh complete DMEM media allowing cells to growth. , that leads to oxidative stress [24] . Cu related oxidative stress is followed by a phase of stimulation of antioxidant pathways, including SOD, CAT and thioredoxine [25] . Our data indeed show an increase in the ROS production by the HEK293 T-REx™ cell line after 48 h treatment with Cu alone (Supplementary Figure 1) . However, after 96 h incubation with Cu, we observed a significant antioxidant effect. Thus we assume that Cu may stimulate antioxidant pathways of chondrocytes, including induction of HO-1.
The enzymatic activity of HO-1 results in decreased oxidative stress, attenuated inflammatory response, and a lower rate of apoptosis [26, 27] . In addition, HO-1 exerts anti-inflammatory effects by inhibition of tumour necrosis factor (TNF) and interleukin-1 (IL-1), or by upregulation of interleukin-10 (IL-10) [28] . Nuclear related Factor 2 (Nrf2) binds to the antioxidant response element in the promoter region of numerous genes encoding antioxidant and phase 2 enzymes, including HO-1, NADPH: quinone oxidoreductase 1, glutathione reductase and glutathione peroxidase. Phase 2 enzymes play a major role in the detoxification of ROS during ischemia reperfusion events [29, 30] . In primary human chondrocyte cells it was found that the incubation with IL-1 causes an inhibition of HO-1 gene expression [18, 31] . Moreover, treatment with 10 mmol/l of G S restores the expression of HO-1 gene with a maximal effect after 48 h. These results are in agreement with our data showing an increase of the expression of HO-1 upon G S and slightly upon Cu incubations. The additive effect of G S and Cu may explain the greater efficacy of the G S CG compared to G S alone on HO-1 expression. HO-1 was also shown to protect chondrocyte cells form apoptosis induced by IL-1 [4, 32] . Therefore, G S and Cu may reverse the deleterious effect of IL-1 on caspase 3 activation via HO-1 activation in the chondrocyte cells lines C-20/A4. In summary, our data confirm in vitro the potency of glucosamine to prevent pro-catabolic action of IL-1. In addition Copper sulphate and Ginger root extract, could contribute to restore the redox balance by inhibiting Nox4 activity via an upregulation of HO-1 expression in the human chondrocyte cell line C20/A4. In conclusion, G S CG displays supplementary beneficial effect compared to G S and addition of Copper sulphate and Ginger root extract could improve G S therapeutic efficiency in osteoarthritic patients.
